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FOREWORD 


This  repeal  covers  the  work  performed  under  NAVSRIPS  Contract  No. 
NOba-9Wl6  (Project  No.  SF013-08-14,  Task  3917).  The  NAVSEC 
contract  monitor  wag  Mr.  Herman  Kraut. 

The  objective  of  this  program  was  to  collect  the  necessary  experi¬ 
mental  data  on  Ignition  and  flame  propagation  in  an  oil  contaminated 
oxygen  system  in  order  to  more  exactly  define  the  required  level  of 
cleanliness  for  such  systems.  The  results  are  to  be  incorporated 
into  military  specifications  for  oxygen  systems  to  define  the 
required  cleanliness. 
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INTRODUCTION 


Under  auspices  of  the  Department  of  the  Uavy,  NAVSEC,  a  study  v;co 
undertaken  to  determine  the  compression  ignition  and  flame  propaga  - 
tlon  limits  of  hydrocarbons  in  a  high  pressure  oxygen  system. 

Considerable  work  has  been  done  concerning  conpression  ignition  an  i 
flame  propagation  in  high  pressure  air  systems,  but  very  little  hart 
been  done  with  pressurized  oxygen  systems.  The  limited  -work  perfor  m 
with  oxygen  did  not  employ  conditions  corresponding  to  the  specific 
systems  now  in  use,  namely  3000  psl  oxygen  with  1/2"  monel  piping 
The  program  reported  herein  was  designed  to  study  that  specific  ar-a 

The  study  was  primarily  concerned  with  the  determination  of  the 
acceptable  levels  of  oil  contamination  (2190)  on  the  internal  sur¬ 
face  of  a  1/2"  monel  pipe  below  which  compression  Ignition  and  fir  io 
propagation  will  not  occur  when  pressurized  w.ith  3000  psi  oxygen. 

It  was  also  desired  to  determine  that  level  of  oil  contamination 
where,  upon  ignition,  a  pressure  rise  will  not  exceed  25$. 

The  first  phase  of  the  program  consisted  of  a  literature  survey  to 
assemble  and  review  all  available  information  from  previous  studlei 
in  the  area  of  compression  ignition  end  flame  propagation  In  high 
pressure  air  and  oxygen  systems.  A  summary  of  these  earlier  nt.di<  r> 
is  presented  in  Section  X. 

Foilwing  the  literature  survey  a  tost  program  was  designed  and 
initiated  to  accomplish  the  objectives  of  the  contract.  A  desc*lp 
tlon  of  the  test  apparatus  used  Is  prooented  in  Section  II..  the 
testing  procedure  is  described  in  Section  in,  and  the  results  of 
the  test  program  are  presented  In  Section  IV. 

Throughout  thir  report,  the  term  "oil  concentration"  Is  used.  Thi 

p 

refers  to  the  meant  of  oil  coating,  expressed  as  mg/ft  ,  on  th* 
inside  surface  of  the  test  pipe. 


SUMARY 


A  test  program  was  conducted  to  determine  the  ignition  limits  of 
©11  contamination  in  1/2"  monel  pipe  when  pressurized  with  3000  pri 
ozygan*  Ihe  oils  Investigated  were  2190  lubricating  oil  and  Ha be col 
£318  cutting  oil.  Thin  films  of  these  oils  were  applied  to  the 
internal  surface  of  a  4  ft.  section  of  1/2"  monel  pipe.  The  pipe 
was  then  rapidly  pressurized  with  3000  poi  oxygen.  In  addition, 
tests  were  made  using  oil  droplets  and  varying  the  initial  pipe  wnli 
temperature. 


The  test  results  showed  little  danger  of  compression  ignitions  at 
oil  concentrations  below  160  ag./ft2  of  2190,  or  below  110  mg./ftr 
fer  Habcool.  Concentrations  of  both  oils  above  260  n^./ft2  will 
ignite  when  rapidly  pressurized  with  3000  psi  oxygen.  These  con¬ 
centrations  must  be  cospared  to  the  present  oxygen  clean  standard' 
of  0.013  mg./ft  maximum  allowable  hydrocarbon  concentration. 

The  reaultn  also  showed  that  ignition  will  not  occur  with  oil  dror^t4 
or  puddles  smaller  than  lOO^.f  in  size  and  that  a  pressure  rise 
greater  than  25ft  will  not  cccur  below  oil  concentrations  of  500  mj  #/j 

As  a  result  of  this  toot  program,  it  is  recommended  that  the  oxygrn 
clean  standards  be  relaxed  to  1.5  »g./ft2.  The  level  of  oil  con- 
centratlon  is  a  factor  of  100  below  the  lower  Ignition  limits 
defined  by  this  test  program.  It  Jo  felt  that  such  a  safety  face-  r 
more  than  compensates  for  any  variation  in  the  lower  ignition  iin'-v 
due  to  effective  pipe  length,  wall  temperature,  and  non-*  »nif  omit;  i- 
oil  ccntamircblon. 
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1  LITERATURE  SURVEY 

In  reoent  years  the  phenomenon  of  compression  Ignition  in  pneumatic 
systems  has  been  extensively  studied.  Such  ignitions  are  induced 
In  syrttems  contaminated  with  sufficient  quantities  of  a  combustible 
organic  material  and  exposed  to  rapid  pressurization  with  an  orzlo ix'. 


Most  of  the  work  was  concerned  with  high  pressure  air  systems  con¬ 
taminated  with  lubrieating  oil  from  air  compressors.  Paeth  and  White 
conducted  a  series  of  tests  in  which  they  Investigated  the  combust icr 
characteristics  of  25  mg.  samples  of  various  lubricating  oils  placec 
at  the  dead  end  of  a  pipe  exposed  to  rapid  pressurization  with  cir. 
They  defined  the  oombustion  ranges  as  functions  of  various  parameter 
including  the  rate  of  pressurization,  air  pressure#  length  of  pipe, 
and  the  Initial  ambient  system  temperature.  The  results  of  those 
tests  quantify  the  expected  trends  due  to  variation  in  the  parr- 
meters.  Of  interest  was  the  fact  that  the  occurrence  of  combustion 
was  greater,  the  shorter  the  length  of  pipe  used  down  to  a  length  of 
1  ft.  However,  the  change  in  combustion  limit  wqs  only  a  mild 
function  of  the  pipe  length. 

(2) 

Wilson  and  co-workers  lnves~* gated  the  compression  ignition 

characteristics  of  lubricating  ells  evenly  coated  on  the  Internal 

eurfaoe  of  a  1  1/2 "  diameter  test  pipe.  Using  a  15  ft.  length  of 

pipe,  they  studied  both  auta-lgnitlcn  and  flans  propagation  using 

2190  and  Cello lube  lubricating  oils.  Wilson  defined  the  lower 
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combustible  limit  in  the  raafio  of  1000  mg. /ft  of  oil.  He  also 
found  that  rsed  degraded  oil  tree  much  core  reactive  than  new  unused 
oils  -  attributing  thio  to  breakdown  products  in  the  oil.  Ibis  con¬ 
clusion  wan  later  verified  by  Sabetakls  ,  Both  Wilson'^  and 
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ferlte  ,  concerned  with  this  type  of  Ignition  caused  by  degraded 
oil  blow-by  from  air  compressors,  recommend  proper  cleaning  and 
s&lntenance  to  prevent  dangerous  conditions  from  arising. 
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Faefch^  did  a  theoretical  analysis  of  the  rapid  compression  pr  ;-r 
In  an  attempt  to  predict  whether  conditions  for  ignition  would  e;:‘r  i 
in  a  given  system.  Predictions  based  on  his  analysis  compared  weir 
with  his  observed  experimental  data. 

Dellinger  and  McGill^,  concerned  with  high  preenure  air  systems 
aboard  submarines,  surveyed  work  done  in  this  field.  They  reported 
that  an  lnorease  in  pipe  diameter  increased  the  temperatures  obtain-..'’ 
during  a  rapid  compression,  thtu  lowering  the  concentration  of  oil 
necessary  for  ignition. 

Russian  interest  in  the  problem  of  compression  ignition  with  oxygen 
is  Indicated  by  the  work  of  Gordeyev  and  cov:ockers  .  They  report-.'-  • 
lower  explosive  limits  of  26,000  mg. /ft  of  oil  and  lower  ccttbusticr 
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limits  of  190  mg. /ft  .  However,  they  used  oils  with  Russian 
designations,  making  comparison  with  2190  difficult,  and  they  faille 
to  report  pertinent  parameters  such  as  rates  of  pressurization  and 

pipe  diameters. 

The  dangers  inherent-  in  high  pressure  atr  systems,  due  to  compress  1;.- ' 

Ignition,  lead  to  questions  about  parallel  phenomenon  in  high  prerjure 
oxygen  systems.  Baum1^  and  his  cow  or1,  cere  investigated  7500  pal 
oxygen  systems,  looking  at  effects  of  system  temperature,  vibration 
shock,  extendsd  storage,  contamination,  and  material  compatibility, 

In  regard  to  ignition,  Baur/^  recommended  "absolute"  cleanliness 
from  organics,  and  homogeneous  hydrcc  .  »bon  oncentratlons  less  thai 
50  ppm. 

In  1961,  Kehat^  studied  .Unit ion  and  flame  propagation  at  pressure: 
up  to  1500  osi  using  gaseous  orygen.  Using  a  l/V  test  pipe  ev-.  nl  * 
coated  with  oil,  he  used  a  spark  and  an  electric  match  to  Induce 
ignitlor.  Kehat  found  no  significant  danger  of  ignition  at  con- 
centrations  up  to  1000  mg. /ft  '  of  oil.  Also  of  interest  was  Kehat  ; 
technique  of  evenly  coating  a  small  diameter  pip®,  1/2",  with  oil  - 
namely  of  dissolving  the  oil  in  a  solvent,  ca2’bon  tetrachloride, 
applying  the  solution  to  the  pip:-,  and  then  allowing  the  solvent  to 
evaporate,  leaving  a  thin  film  of  oil  behind. 
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A  sunoary  of  the  literature  survey  is  presented  in  Section  4.2.2 
end  compared  with  the  recommendations  of  this  current  test  program. 


XI  TEST  APPARATUS 


2.1  general  Description 

The  baele  teat  apparatus  la  Illustrated  schematically  In  Figure  1. 

The  test  apparatus  basically  consisted  of  a  four  foot  section  of  1/2 
Inch,  schedule  80,  monel  pipe  plugged  at  one  end.  The  high  pressure 
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oxygen  was  supplied  from  a  two  tank  system.  One  tank  (15  ft-*  aapaciij) 
at  3800  pslg  was  used  to  supply  the  second  tank  (9  ft^)  at  3000  pstu 
which,  In  turn,  supplied  the  test  pipe.  The  instrumentation  and 
control  equipment  consisted  of  flame  probes,  pressure  transducers; 
thermocouples,  external  strain  gauges,  a  5000  psl  relief  valve,  a  jr.c 
sampling  bomb,  a  manually  operated  ball  valve,  a  quick  opening  Marottc 
valve,  a  check  valve  and  a  manually  operated  vent  valve.  Photographs 
of  the  test  pipe,  in  place  for  a  run,  are  shown  In  Figures  2S  3,  4. 
and  5«  A  more  detailed  description  of  the  components  Is  found  in 
Table  I. 

A  four  foot  length  of  pipe  was  selected  as  the  optimum  length.  This 
selection  is  a  compromise  between  the  minimum  length  reconmended  by 
Paeth  and  White  and  the  physical  instrumentation  requirements 
necessary  to  measure  flame  propagation. 

This  test  apparatus  was  modified  slightly  during  the  test  program 
to  accommodate  a  sparking  device.  This  alteration  consisted  of 
removing  the  pressure  transducer  ( )  closest  to  the  dead  end  and 
replacing  It  with  the  sparking  device.  This  modification  Is  shown 
In  Figure  6. 

In  addition  to  the  pipe  Just  described,  another  test  pipe  was  used 
during  the  final  portion  of  testing  with  a  minimum  of  Instrumentation 
located  adjacent  to  the  dead  end.  This  second  pipe  was  also  a  M  ft, 
length  of  1/2”  monel  pipe,  but  it  had  only  two  instrumentation  taps 
and  a  vent  line.  This  test  set  up  is  shown  schematically  in  Figure  7, 
Photographs  of  this  test  set  up  are  shown  in  Figures  8  and  9.  As  can 
be  seen  in  the  figures  a  nichrome  heating  coll  was  added  to  the  pipe  to 
give  the  capability  of  operating  at  elevated  initial  temperatures. 
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TABLE  I 

LIST  OP  APPARATUS  AND  COMPONENTS 


Component 

1  3000  pslg  02  supply  flask 

1  38OO  pelg  Og  supply  flask 
1  Solenoid  valve 
1  Pressure  gauge 
1  Check  valve 

3  Nipples 

1  Pipe  union 

1  Pipe  cap 

1  Plane  arrestor* 

1  Pipe  tee 

1  Test  pipe 

1  Relief  valve 
1  Ball  valve 

1  Vent  valve 

1  Oao  sampler  bomb 

4  Strain  gauges 

3  Pressure  transducers 

3  Temperature  probes 

4  Flame  probes 


Description 
9  ft3,  MIL -C -1511 A 
15  ft3,  M3X-C-28C9B 
Marotta  M.7.  173 
0  to  10,000  pcig  scale 
3/4" 

3/4”  pipe,  NiCu 
1/2",  NiCu 
1/2",  NiCu 
1/2"  I.P.S.  NiCu 
3/4''  monel 

4  ft.  Sch.  80,  1/2"  Konel 
MIL-T-I36O  Ty,  1,  Cond.  1 

3,000  psi  relieve  pressure 

3/4",  manual 

1/4",  manual 

See  S'icticn  2*2 

II 

l» 

It 

If 


*The  flame  arroBtor  used  in  Runs  A-l  through  A -24,  Runs  D-l 
through  D-5,  and  P-36  was  made  of  stainless  steel. 


For  safety  considerations*  the  test  pipe  wao  located  in  r.  ccncrco 
test  pit  and  was  surrounded  by  sand  hags.  The  control  and  inscr;.:  .  . na¬ 
tion  read-outs  were  located  in  an  adjacent  test  pit. 

2.2  Instrumentation 

instrumentation  on  the  basic  test  set-up  consisted  of  four  flame 
probes  spsced  12  inohes  apart;  three  pressure  transducers,  IS  J.nc'  .c  j 
apart;  four  external  strain  gauges;  and  three  thermocouples, 

18  inches  apart.  The  locations  of  this  instrumentation  can  be 
seen  in  the  figures  presented  in  the  previous  section. 

In  addition  to  this  basic  instrumentation*  a  sparking  device  was 
used  In  an  attempt  to  Induce  ignitions.  The  location  of  this  spark.. <ig 
device  oan  also  be  seen  In  the  figures  presented  In  the  previous 
section.  The  outputs  of  the  instrumentation  probes  were  recorded  on 
an  oscillograph  recorder  with  a  paper  speed  of  64  inche3/sec. 

A  close-up  of  a  flame  probe,  a  thermocouple,  and  the  sparking  device 
Is  shown  in  Pigure  10;  while  a  photograph  of  a  pressure  transduce  *. 
a  strain  gauge  installation  and  the  flame  arrestor  is  shown  in 
Pigure  11. 

A  block  diagram  of  the  basio  instrumentation  is  presented 
in  Pigure  12,  while  a  schematic  of  the  oontrol  circuitry 
is  shown  in  Figure  13*  A  detailed  list  and  description  of  the  major 
instrumentation  components  is  presented  In  Table  II.  The  time 
sequence  in  which  all  the  instrumentation  and  control  clroultry 
operated  is  shown  In  Pigure  14. 

The  instrumentation  block  diagram  (Pigure  12'.  shows  the  relations  il  ) 
of  the  oontrol  clroultry  and  the  instrumentation  probes  to  the 
reeordlng  device.  The  flame  probes,  the  pressure  transducers,  anl 
the  strain  gauges  are  energized  by  the  circuitry;  signals  detecte  I 
by  them  are  then  transmitted  to  the  recorder.  The  thermocouples, 
using  an  lee  water  bath  as  a  reference,  generate  voltages  indicat tv* 
of  their  temperatures  and  transmit  them  to  the  recorder.  The  spa  rk  tag 


2-2 


TABLE  II 

LIST  OP  INSTRUMENTATION  EQUIPMENT 


Description 

Manufacturer 

1. 

Chromel/alumel  thermocouples 
(400  milliseconds  response  time) 

Thermoelectric,  Inc. 

2. 

Chromel  wire  flame  probes  - 
porcelain  base  with  300  volt 
operating  potential 
(<  1.7  millisecond  response  time) 

Electric  Boat  Division 
(not  commercial) 

3. 

Pressure  transducers  - 
10,000  lbs/ln2,  air  cooled  type 
(.03  millisecond  response  time) 

Norwood,  Model  102 

4. 

UV  light  beam  oscillograph 

recorder  -  galvonometer 

(1.7  millisecond  response  time) 

Consolidated  Electrodynamics 
Corp.  (C.B.C.),  Model  #124 

5. 

3  kc.  earrler  amplifiers  for 
reoorder  (15  units) 

C.E.C.,  Model  #1-113B 

6. 

Modulators  for  amplifiers 
(7  units)  (2  milliseconds 
response  time) 

C.E.C.,  Model  #15-605 

7. 

Oscillator  power  supplies 
(2  units) 

C.E.C.,  Model  #2-105B 

8. 

Variable  AC  Voltage  Supply 

Superior  Electric 

9. 

Displacement  Transducer 

(<  1.7  millisecond  response  time) 

Underwater  Explosion  Research 
Division  (USN) 

10. 

Potentiometer  and  Switch 
(Auxllllary  temperature 
measurements) 

Leeds  &  NOrthrup 

11. 

120  OHM  Strain  Gauges 

Baldw in -Lima -Hamilton 

device  discharges  the  electrical  energy  stored  in  its  capacitor:; 
(Figure  13B)  and  this  event  is  transmitted  to  the  recorder.  The 
potentiometer  attached  to  the  stem  of  the  Karotta  valve  is  cner&i  ;c 
tQT  the  oiroultry  and  transmits  the  change  in  position  of  the  val ve¬ 
to  the  recorder.  The  Harotta  valve  itself  is  activated  by  the 
oontrol  oiroultry;  while  tine  delay  relay  1  (TD-1)  and  (TO-2 ;  are 
activated  toy  the  sane  circuitry  and  in  turn  control  ports  of  this 
oiroultry  (figure  13) « 

As  eeen  In  Figure  13A,  the  circuitry  is  activated  by  closing  ewityii 
3-1  whloh  energizes  the  indicating  light  plus  the  flasher  and  hell 
to  earn  personnel  in  the  area  that  a  test  Is  in  progress.  A  tost 
ie  Initiated  toy  closing  which  activates  relay  and  TD-1. 
Activation  of  relay  Kj  closes  contacts  which  keeps  itself 
activated  without  regard  to  the  position  of  S^.  Activation  of  TP -l 
oloeee  the  contacts  TDl-1  which,  in  turn,  activates  TD-2,  TD-3,  2  d 
opens  the  Harotta  valve.  Activation  of  TD-2,  after  a  preset  period 
of  tine,  shuts  down  the  circuitry.  Activation  of  TD-3,  after  a  p  *1 
period  of  tine,  opens  contacts  TJ>3-1,  closing  the  Karotta  valve. 

The  oiroultry  of  Figure  13B  is  activated  by  the  closing  of  TD3-2, 
which  has  been  closed  by  TD-3  of  Figure  13A.  With  the  contact 
T03-2  closed,  TD-5  is  activated  which  in  turn  closes  contacts  TD5-1 
activating  Kg.  Kg  closes  contact  which  discharges  the  spark 
The  capacitors  are  charged  by  closing  switch  3^.  Contacts 

T03-3  isolate  this  olrouit  while  TD-3  is  activated. 


Ill  TEST  PROCEDURE 
3.1  Preliminary  Tests 

Before  proceeding  with  Ignition  tests,  it  was  necessary  to  verify 
the  proposed  oil  coating  technique. 


Preliminary  tests  were  conducted  to  determine  whether  the  oil  coac'ng 
technique  seleoted  would  be  satisfactory.  This  technique  consisted 
of  dissolving  the  oil  In  a  lew-boiling,  non -combustible  solvent  F:  con 
TP  and  then  applying  the  resultant  solution  to  the  pipe.  Upon 
evaporation  of  the  Preon,  a  residual  coating  of  oil  was  left  on  the 
pipe.  In  evaluating  this  technique,  a  sacrificial  section  of  pip; 
was  used.  After  the  coating  operation,  the  pipe  was  cut  Into  snail 
sections  and  the  amount  of  oil  present  on  each  section  was  deternhm  :; 
by  chemical  analysis.  This  analysis  consisted  of  removing  the  oil 
from  the  pipe  segments  with  a  low  boiling  point  solvent,  then 
evaporating  off  the  solvent.  The  aroixt  of  ell  removed  from  each 
segment  was  then  determined  sravimetrloally. 


This  same  method  of  evaluation  was  used  t©  dotomine  the  foaoiMV* 
of  other  oil  coating  teohniquas  as  part  of  the  verification.  The 
other  oil  eoatlng  teohn  quea  evaluated  were:  a)  applying  the  oil 
directly  with  a  circular  brush  or  swab,  b)  spraying  the  oil  onto 
the  pipe,  a)  partial  removal  of  a  heavy  oil  eoatlng  using  a 
solvent. 


3.2  Test  Plan 

The  teat  plan  Included  the  following  areas  of  investigation: 

1)  The  coating  of  the  test  pipe  with  various  concentrations  of  2190 
oil  at  amblant  temperatures  and  attempting  a  compression  ignition 
with  3000  psl  oxygen;  the  oil  coatings  were  increased  In  small 
lncreuanta  lit  concentrations  ranging  from  0.06  mg/ft2  to  640  mg/ft2. 

2)  Placing  droplets  of  2190  oil  near  the  dead  and  of  the  test  pipe 


3-1 


and  attempting  a  compression  Ignition  with  3000  pal  cocygc n:  zao 
size  of  the  oil  droplets  used  ranged  from  5  microl iters  ) 

to  .  3)  Employing  the  combination  of  coating  the  tc*3t 

pipe  with  2190  oil  and  placing  a  droplet  of  the  oil  near  the  dear: 
end  of  the  pipe,  and  attempting  a  compression  ignition  with  2000  « 
oxygen;  oil  coating  concentrations  ranged  from  12  teg/ft2  to  88 
while  the  oil  droplets  ranged  in  si2e  from  10 to  100.^?  .  ) 

the  test  pipe  with  various  concentrations  of  21$0  oil  or  of  llabco-. 
cutting  oil,  using  an  electrical  spark  to  induce  ignition  in  a 
3000  psl  oxygen  atmosphere;  the  2190  oil  concentrations  ranged  "re 

O  o 

0.l6  mg/ft  to  640  mg/ft  ,  while  the  Habcooi  concentrations  ranged 
from  100  mg/ft2  to  480  mg/ft2.  5)  Coating  a  modified  tect  pipe 
(minimum  instrumentation)  with  various  concentrations  of  2190  cii 
and  of  Haboool  cutting  oil,  ancl  attempting  a  compression  Ignition 
with  3000  pal  oxygen;  tho  2190  oil  concentrations  ranged  from  30  r.-. 

p 

to  480  mg/ft  .  while  the  Habcooi  concentration  ranged  from  ?/>0  r.r.;/: 
to  480  mg/ft . 


j/:t 

■> 


Ttoe  2190  (HIL-L-17331A)  lubricating  oil  was  seloctcd  to  be  used 
during  this  test  program  because  most  of  the  previous  investigations 
of  compression  ignition  and  flame  propagation  were  performed  using 
this  lubricating  oil.  Thus,  In  order  to  compare  results  with  the 
earlier  work,  2190  was  used  in  this  investigation.  Habcooi  $318 
cutting  oil  was  selected  as  a  typical  organic  cutting  oil  used  in 
a  maohlne  shop  with  which  piping  might  contaminated  during  fabrication 
in  actual  practice. 
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3*3  Stating  Procedure 

In  making  a  teat  pun  tha  following  procedure  wao  used: 

1.  Hie  teat  pipe  was  thoroughly  ©leaned  by  use  of  Freon  (TF)  ri  :s<.rj 

and  a  lint-free  doth. 

2.  With  the  instrumentat5.on  probes  replaced  by  plugs,  the  pipe  war 
filled  with  an  oll/^reon  solution  of  a  known  concentration. 

3.  Hie  oil/frreon  solution  was  emptied  and  the  remaining  Freon 
allowed  to  evaporate  (15  to  20  minutes  was  allowed)  leaving  a 
thin,  uniform  oil  film. 

4.  Hie  instrumentation  probes  were  replaced  into  their  proper 
positions. 

5.  Hie  teat  pipe  wao  placed  "on-line",  putting  the  flame  arrestor 
into  position  within  the  union. 

6.  The  calibration  of  the  instrumentation  was  checked  as  well  as 
the  electrical  control  circuitry. 

7.  The  position  of  all  hand-operated  valves  was  checked. 

8.  The  teat  area  was  cleared  of  all  personnel  end  the  test  was  nude. 

9.  After  the  run  w as  completed,  the  electrical  power  was  turned  o'f 

and  all  valves  secured. 

10.  A  gac  sample  was  taken  for  analysis  and  the  teat  pipe  wao  vent  *d 
down  to  ambient  pressure. 

11.  The  test  pipe  was  disconnected  and  was  visually  Inspected. 

12„  The  test  pipe  and  instrumentation  probes  were  thoroughly  cleaned 

in  preparation  for  the  next  run. 


3-3 


The  gas  simple  at  the  conclusion  of  a  test  was  analysed  for  caruc-  . 
dioxide,  hydrogen,  carton  monoxide,  oxygen  and  nitrogen  uslnc  ;-;ac 

chromatography . 

No  attempt  mas  made  to  replace  the  air  In  the  tout  pipe  with  pure  o 
before  the  rapid  pressurization.  This  Initial  air  is  compressed  o 
within  1/4”  of  the  dead  end  during  compression  from  14.7  psl  to 
3000  pel  and  it  mas  felt  that  this  small  amount  of  nitrogen,  in 
comparison  to  the  amount  of  oxygen  present,  would  have  a  r.egllgJ.br.e 
effect  on  the  results. 
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IV  TEST  RESULTS 


4.1  Preliminary  Teats 

The  oil  coating  tests  showed  that  fcfct.-  selected  techhlai'e  of 
dissolving  the  oil  In  a  non-comtorstible  solvent.  Freon  '  gave  the 
best  results.  The  oil  was  evenly  coated  onto  the  surface  of  the 
pipe  and  the  concentration  of  oJl  cn  tic  pipe  was  proportional 
to  the  concentration  of  oil  In  the  Frcc.i.  nils  relationship  is 
shown  in  Table  III.  It  was  also  found  to  bo  tho  beet  technique 
from  an  operational  point  of  view  -  being  less  prone  to  technician 
error  and  having  good  reproducibility. 


TABLE  III 

OIL  COATING  CONCENTRATIONS 
(1/2"  Monel  Pipe) 


Oil  Concent rat ion 

In  Freon  -  PPM 

Oil  Coating  j.jn 

Pipe  -  sig/ft*- 

Oil  Film 
Thickness  - 

I_JHlTA  ;18 

5 

0.0125 

1.2  x 

10“ :1 

is 

10 

0.025 

2.4  x 

10*  5 

100 

0.25 

r.. 4  x 

10  "t: 

1000 

2.5 

0.24 

10,000 

24.6 

2.4 

50,000 

123.0 

12.0 

100,000 

246.0 

24.0 

200,000 

492.0 

48.0 

?oo,ooo 

*  ■  ^  r\ 

1  _;•••  v/ 

t‘“”  Ignition  Test  Resu  j:s 

,.c  ..c-ulwC  of  tlia  test  arc  prrnn  rsted  in  the  following  sect  Jo;  t;. 

The  significant  data  are  presented  \.n  Ejection  4.2.1  and  Appendix  h,  while 
an  interpretation  and  discussion  of  thvee  data  Is  found  in  Section  4„Jy. 2. 


4.2.1  Data 

The  parameters  measured  during  each  of  the  test  runs  are  prcoo:;. 
Appendix  A.  The  parameters  Include:  oil  concentration,  cmblen* 
temperature,  maximum  pressure,  rate  of  pressure  rise.,  ire  V'v  UJ. 

flame  probe  saturation,  and  strain  gauge  indication.  The  ;3 

presented  are  the.  maximum  temperatures  recorded,  ‘luo  to  t.v.*  ;•  ,nd 

response  time  of  the  thermocouples,  the  autuai  tempera-;  res  .  od 
are  much  higher. 

It  should  be  noted  that  at  various  points  throughout  the  tost  nroc  •  1 
blank  runs  were  made  -  i.e.  runs  In  v/hich  no  oil  was  put  into  th-.. 
test  pipe.  These  rune  were  made  to  determine  the  time  his  ceric;;  ... 
the  various  parameters  due  only  to  the  rapid  pressurization  of  the 
test  pipe  with  oxygen,  and  to  serve  as  a  check  on  the  instrur»jertat  r  . 
The  results  of  all  the  blank  runs  rere  Identical,  therefore,  the 
results  of  only  one  of  these  rune  is  presented. 

4.2.2  Correlation  and  Interpretation  of  Results 
The  first  test  run  with  oil  contamination  resulted  in  a  violent: 
explosion  causing  extensive  damage  to  the  test  apparatus.  This 
damage  is  shown  In  Figures  15-20.  A  comparison  can  be  made  with  tic 
undamaged  test  pipe  shown  In  previous  sections. 

A3  can  be  seen  in  the  figures  a  two  inch  section  of  trie  test  pipe, 
at  the  Inlet  end,  was  disintegrated  along  w5.th  part  of  the  coupling; 
one  of  the  pressure  probes  was  blown  out  of  its  fitting;  several  of 
the  electrical  connectors  to  the  Instrumentation  profcec  were  burner ij 
and  the  copper  ’ 0”  ring  seals  on  the  two  remaining  pressure  trans¬ 
ducers  were  blown  out.  In  addition,  the  flame  arrestor  was  d.is- 
Integrated  and  the  check  valve  welded  closed.  It  should  be  noted 
that  for  thi3  run  the  coupling  at  the  inlet  end  of  the  test  pipe  and 
the  f lane  arrestor  were  both  made  of  stainless  steel. 


After  the  explosion,  it  was  felt  that  the  level  of  oil  contaminate  n. 
160  mg/ffc2,  was  well  into  the  explosive  range  and  that  the  testing 
should  bo  conducted  in  a  much  lower  runge  of  oil  concentration. 
Subsequent  test  runs  showed,  however,  chat  levels  of  oil  contanlnai  .i  on 
higher  than  160  mg/ft2  can  withstand  rapid  pressurization  by  pure 
oxygen  without  resulting  ?.n  an  explosion.  These  subsequent  tents 
employed  monel  and  nickel-copper  components  only,  while  the  Inltlr 
run  at  160  mg/ft  ,  which  resulted  In  an  explosion,  had  a  stainless 


steel  flame  arrestor.  In  an  attempt  to  duplicate  the  explosive  - 
a  stainless  steel  flame  arrestor  was  put  into  the  system  (Fun  p-2'). 
In  this  run,  though  the  test  pipe  did  not  rupture,  there  was  a.i 
Ignition  and  flame  propagation,  ns  opposed  to  no  Indications  of 
Ignition  or  flame  propagation  under  the  same  conditions  vnir.~  n  r.or.<. 
flame  arrestor  (Run  F-l8), 

No  completely  satisfactory  explanation  of  the  explosion  available, 
hut  It  Is  significant  that  no  indications  of  ignition  were  obtain.! 
with  the  monel  flame  arrestor,  while  very  definite  Indications  *„;e:.*e 
observed  with  the  stainless  steel  flame  arrestor. 

As  a  result  of  the  explosion  In  the  first  run,  subsequent,  tests  Wore 
conducted  (Run3  A2-A24,  P1-P28,  F35)  by  evenly  coating  the  tost  pipe 
with  2190  oil  with  concentrations  of  0.08  rag. /ft2  up  to  160  mg./ft" 
without  any  indication  of  ignition.  At  oil  concentrations  between 
173  Eg/ft2  and  266  mg./ft2  there  were  indications  of  Ignition  and 
flame  propagation  on  some  Instrumentation  probes  but  not  on  others. 
At  oil  concentrations  above  2 66  mg./ft2,  there  were  definite  Indiea  * 
tlons  of  Ignition  and  flame  propagation.  These  results  can  be  seen 
graphically  In  Figure  21. 

On  the  supposition  that  It  was  possible  to  have  sufficient  oil  In 
the*  test  pipe  to  propagate  a  flame  while  not  having  a  high  enough 
concentration  to  cause  an  auto-lgnltlon.  a  series  of  runs  were  con¬ 
ducted  In  which  it  was  attempted  to  induce  an  ignition.  Thus  run3 
(Runs  D1-D14,  AD1-AD10)  wore  made  with  small  drops  of  oil  placed 
near  the  dead  end  of  the  test  pipe  (thus  giving  a  high  local  concen¬ 
tration  of  oil).  Oil  droplets  rang?.ng  in  size  from  to  lOC^*? 

were  used  alone  and  in  combination  with  a  uniform  oil  film  ranging 
in  concentrations  from  12  mg./ft2  to  88  mg./ft2.  in  Run  D-12,  the 
gas  analysis  after  the  run  revealed  the  presence  of  COg*  indicating 
combustion  of  the  oil.  However,  the  other  instrumentation  did  not 
confirm  this  combustion,  and  the  results  could  not  be  duplicated  In 
subsequent  tests  at  similar  or  mor^  severe  conditions  (Runs  AD-8  an.l 
AD-10). 
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In  the  test  runs  with  oil  droplets  of  70 A(J?  or  greater,  IU  wen  o 
In  the  gas  after  the  test  run.  It  Is  believed  that  this  H2  in  a 
produet  of  the  thermal  decomposition  of  the  oil.  However,  oil  iir 
lets  were  used  only  in  an  attempt  to  induce  ighitlcns.  This  they 
failed  to  do,  so  the  appearance  of  Kg>  though  Interesting,  was  no. 
investigated  further.  However,  two  things  should  be  noted  in  thi.. 
regard:  1)  the  occurrence  of  oil  droplets,  70^J?  or  greater,  :.’i  a 
dean  oxygen  system  Is  highly  unlikely  and  2)  the  Hg  appeared  In 
concentrations  well  below  its  lower  ignition  limit. 

Having  failed  to  Induce  Ignition  using  small  droplets  of  oil,  an 
attempt  was  made  to  induce  ignition  by  means  of  an  electrical  spa:./:. 

A  series  of  runs  were  made  using  the  sparking  device  (Huns  PI -F20, 

P35j  *36).  In  those  runs  in  which  ignitions  were  observed,  they  w.r. 
of  the  compression  ignition  type,  and  involved  oil  concentrations 
above  l6o  mg./ft^.  fHie  spark  did  not  initiate  any  .ignitions  nor 
affect  flame  propagation  in  any  way. 

Test  runs  made  in  which  the  pipe  was  evenly  coated  with  Habcool  a< 

70°P  (Runs  F29-F34)  indicated  that  the  no  ignition  range  v?as  belc  ; 
about  110  mg. /ft2,  while  the  ignition  range  was  somewhere  above 
250  mg./ft2.  Comparison  of  these  results  with  those  obtained  for 
2190  (Figure  21)  show  Habcool  to  be  somewhat  more  reactive. 

In  an  attempt  to  attain  higher  temperatures  from  the  rapid  compress: on 
with  pure  oxygen,  a  series  of  tect3  were  run  using  a  pipe  with  a 
minimum  of  instrumentation  located  adjacent  to  the  dead  end.  Eec  :uu  <-,• 
of  the  minimum  amount  of  instrumentation,  it  was  more  difficult  t;> 
get  accurate  indications  of  ignition  and  flame  propagation.  Howe  ■*..} . 
from  the  instrumentation  available,  the  following  results  were 
obtained: 

A.  Using  2190  oil  at  70°F;  tests  were  run  at  concentrations  of 

80  mg./ft2  to  hQo  mg./ft2  (Runs  C1-C6),  No  ignition  was  obtai  .  -I 


2 

below  l6o  03/ ft  t  while  the  ignition  range  was  found  to  bo 
200  mg/ft2.  These  results  approximate  the  results  shewn  in 

Figure  21. 

B.  Using  2190  oil  heated  to  125°F,  tests  were  run  at  concentrate  a: 
ranging  from  160  mg/ft2  to  480  mg/ft2  (Runs  C7-C11).  Indicat'd  :s 
of  ignition  were  seen  at  the  lower  concentration  of  IcO  mg/ft  , 
Indicating  that  the  level  of  oil  contamination  necessary  for 
Ignition  and  flame  propagation  are  somewhat  lower  at  125ftP  th.  r. 
at  70 *F. 

C.  Using  Habcool  cutting  oil  at  70 °F,  tests  were  run  at  concentre/: '  ons 
ranging  from  160  mg/ft2  to  480  mg/ft2  (Runs  C12-C16) .  reflni.v 

p 

Ignitions  were  obtained  above  200  mg/ft  ,  while  the  non-5.gn.lt  *  :,< 

A 

range  Is  somewhere  below  160  mg/ft  ,  The  non -ignition  and 
ignition  ranges  arc  about  the  same  as  those  found  with  the 
regular  test  pipe. 

D.  Using  Habcool  oil  at  125*F,  teats  x*ere  run  at  concentrations 
ranging  from  160  mg/ft2  to  480  mg/ft2  (Huns  C17-C21).  The  results 
from  these  tests  were  not  distinguishable  from  those  at  70°F. 

A  more  quantitative  correlation  can  be  made  by  plotting  the  reanlts.hr, 

#  COg*  the  maximum  recorded  temperature,  and  maximum  pressure  obtrirad 
as  functions  of  level  of  oil  concentration.  Such  plots  are  shown  5h, 
Figures  22,  2$  and  24.  It  can  bo  seen  that  these  results  match  the 
non-ignition,  transient,  and  Ignition  ranges  earlier  defined  more 
qualitatively. 

The  carbon  dioxide  found  Wc’.s  considerably  lc3s  than  would  be  dicta!  ■  d 
with  100#  combustion  of  the  oil.  This  is,  however,  consistent  wi-;h 
the  fact  that  caTbon  deposits  and  residual  oil  were  found  in  the  :c  a 
pipe  after  ignitions.,  indicating  considerably  loan  than  complete 
combustion. 

It  is  possible  to  compare  these  results  with  those  obtained  by  earl  .  ji 
investigators.  Kehat  reports  little  danger  of  ignition  in  oxygen 
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systems  up  to  1500  paig  at  concentrations  up  to  1000  mg/ct^.  T 
ooapsns  to  our  lower  Ignition  Halt  o t  160  wg/f-r  at  3000  os;. 
Kehat  used  a  pure  compound,  n-i.exadbaSne,  for  hir;  work, 
work  was  performed  with  a  commercial  lubrlcatlr.:;  ei:.,  ?.’.ro. 
Comparison  of  the  properties  of  n-liexadecane  ar.u  2190  -  c .  t:  • 
molecular  weights,  auto-lgnltion  temperature  -  and  consider. -.re 
differences  In  the  oxygen  pressures  used  reveal  our  results  tc 
in  reasonable  agreement  with  Kehat. 


It  Is  also  possible  to  compare  our  results  with  the  results  or 
Wilson  et  al.  Wilson  reports  the  lower  Ignition  limit  in  hlfch^ 
pressure  air  systems  at  3000  psig  of  2190  oil  to  be  1000  mg/it  . 
extrapolating  these  results  to  pure  oxygen  at  3000  pcig,  a  lower 
ignition  limit  would  be  approximately  200  mg. /ft*.  This  is  in  go.-fl 
agreement  wJ.th  the  current  results. 

A  summary  comparison  of  the  current  results  end  those  obtained  by 
earlier  investigators  Is  presented  in  the  following  cnart: 


Investigator 

Test  Gas 

Test  Apparatu 

3  Oil  Used 

Lower 

Ignition 

Kehat 

Og,  1500  psi 

1/2"  pipe 

C!2H26 

1000  asff/j 

Wilson 

Air,  3000  psi 

1-1/2"  pipe 

2190 

1000  ms/* 

Gordeyev 

°2 

- 

mm 

190  rag/fi 

Prestl 

Og,  3000  psi 

1/2"  pipe 

2190 

160  rag/ft 

Baum 

Og,  1500  psi 

(50  ppm  homogeneous  mixture 
recommended  lower  limit) 

- 
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7  CONCLUSIONS  AND  RSCOKMENDAT IONS 


Prom  the  teat  results  obtained  the  following  conclusions  con  l:c 

drawn  for  3000  psl  oxygen  systems: 

1.  Compression  Ignition  and  flame  propagation  will  not  occur 

/j 

below  oil  concentrations  of  l6o  mg/ft  at  oil  temperatures 
below  125*5*  in  a  1/2”,  schedule  <30,  monel  pipe. 

2.  Compression  Ignitions  will  not  occur  with  oil  droplets  or 
puddles  smaller  than  100 In  size. 

3.  Habcool  cutting  oil  was  found  to  be  somewhat  more  reactive  tia  i 

2190. 

4.  Present  oxygen  clean  standards  (as  specified  by  Shipyard  Stead «rd 
Practice  1.9  Rev.  F,  Oxygon  and  Nitrogen  Sy3tc:ao,  paragraph 

3.2. 3. Id)  which  require  oil  film  concentrations  of  O.C13  rng/'fl* 
or  lees,  are  much  too  rigorous  end  can  be  relaxed.  The  oil 

p 

film  concentration  of  0.012  mg/ ft  corresponds  to  obtaining  a 
concentration  of  5  ppm  in  a  Freon  rinse,  white  160  mg/ft4* 
corresponds  to  65,000  ppm  In  Freon. 

It  Is  recommended  that  the  allowable  oil  film  concentration 
specified  by  the  above  Shipyard  Standard  Practice  be  net  at 
500  ppm  oil  concentration  In  a  freon  rinse.  This  concentration 
allows  a  safety  factor  of  100  ov«r  the  values  at  which  oil 
Ignitions  begin  to  occur. 
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It  is  felt  that  such  a  safety  factor  more  than  adequately  c.l 
for  any  variation  In  the  lower  Ignition  limit  due  to  varlati 
In  effective  pipe  lengths  below  M  feet  which  might  be  found 
an  actual  pressurized  oxygen  system. 
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FIGURE  15 
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